In biological control programmes, it is very common to employ multiple species to manage a single insect pest. However, the beneficial effects of natural enemies are not always additive because of several factors, including interspecific competition between these biocontrol agents.
In biological control programmes, it is very common to employ multiple species to manage a single insect pest. However, the beneficial effects of natural enemies are not always additive because of several factors, including interspecific competition between these biocontrol agents.
For this reason, in the present study we assessed several biological parameters (percentage parasitism, fertility, induced mortality and population reduction) of the parasitoids Diachasmimorpha longicaudata and Aganaspis daci when used together against the medfly Ceratitis capitata under laboratory and greenhouse conditions. Our results showed that, under laboratory conditions, fertility and percentage parasitism corresponded to a different functional response for each species (D. longicaudata: type II; A. daci: type III), whilst under greenhouse conditions, and unlike what occurs with single releases, both parasitoids showed a type III functional response; this is the only response which may lead to direct density dependence when host densities are low.
Our results also revealed that when both species acted together, they produced a very high total percentage parasitism compared to that reported for single releases under both laboratory (64-76%) and greenhouse (21-51%) conditions. The parasitism was also higher for A. daci except when medfly larvae were provided in an artificial diet. Furthermore, host mortality induced by the two parasitoids acting together was very high, especially at low-host densities; medfly population was almost completely reduced under greenhouse conditions. In summary, the data reported here supports the combined use of these species in biological control programmes against the medfly and highlights the importance of several factors, such as climatic conditions and host density, when planning their field releases.
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Ceratitis capitata, functional response, induced mortality, natural enemies, population reduction 1 | INTRODUCTION Ceratitis capitata (Wiedemann) (Diptera: Tephritidae), the Mediterranean fruit fly (medfly) is currently a global key pest of fruit trees and citrus. It affects 330 plant host species and can adapt to a wide range of climates (Beitia, Falcó, Pérez-Hinarejos, Santiago, & Castañera, 2003; Liquido, Shinoda, & Cunningham, 1991; Papadopoulos, 2008) . Thus, the negative economic effects of the medfly are substantial, and it is necessary to utilise control programmes against this species. The most used control strategies are environmentally friendly, including mass trapping, chemosterilant traps, sterile insect technique (SIT) and biological control through the use of parasitoids (Delrio & Cocco, 2012) . In 2003, the Integrated Plan of Action against C. capitata was initiated in the Valencian Community (Eastern Spain). It established an Integrated Pest Management (IPM) programme which included all the above-mentioned measures. Among the considered medfly parasitoids in this programme, Diachasmimorpha longicaudata (Ashmead) (Hymenoptera: Braconidae) and Aganaspis daci (Weld) (Hymenoptera:
Figitidae) are two of the most promising species for biological control of the medfly.
D. longicaudata, a solitary koinobiont larval-prepupal endoparasitoid of tephritid species (Montoya et al., 2000) , is considered to be the most commonly used parasitoid species against the medfly.
Despite its Southwest Asia origin, it is currently being used in augmentative biological control programmes (usually applied jointly with SIT) in several countries worldwide, including Argentina, Australia, Guatemala, the USA and Mexico (Kitthawee, Julsilikul, Sharpe, & Baimai, 1999; Montoya et al., 2000; Ovruski, Aluja, Sivinski, & Wharton, 2000; Viscarret, La Rossa, Segura, Ovruski, & Cladera, 2005) . Thus, in 2009, the Instituto Valenciano de Investigaciones Agrarias (IVIA; Moncada, Valencia, Spain) imported this species from Mexico (Martins et al., 2010; Sabater-Muñoz et al., 2009 ) in order to begin laboratory rearing and use laboratory and field assays to test its ability to control the medfly (Beitia, Sabater-Muñoz, & Malagón, 2011) .
A. daci is a larval-pupal solitary primary endoparasitoid of fruit flies that was first recorded in Malaysia and Taiwan parasitising larvae of Bactrocera dorsalis (Hendel) (Diptera: Tephritidae) (Weld, 1951) .
Since then, it has been introduced into several countries to control tephritid species (Clausen, 1978; Wharton, Gilstrap, Rhodei, Fischel, & Hart, 1981) . In Europe, it was first recorded in 2003 when some A. daci individuals were recovered from medfly puparia collected from figs in the Greek island of Chios (Papadopoulos & Katsoyannos, 2003) . In 2009, A. daci was first recorded in Spain emerging from C. capitata puparia in fig fruits in Valencia (Verdú, Falcó, Beitia, & Sabater-Muñoz, 2011) . The finding led the IVIA to establish A. daci rearing on medflies in order to perform both field and laboratory experiments to assess its efficiency as a biological control agent against the medfly (Martínez-Torres, 2011; de Pedro et al., 2013) .
Biological control programmes typically involve the use of multiple species to control a single target pest (Denoth, Frid, & Myers, 2002; Gould, Hoelmer, & Goolsby, 2008) ; however, the beneficial effects are not always additive because of competition between the species (Lahey, McAuslane, & Stansly, 2016) . In this regard, interspecific competition is considered a common phenomenon in parasitoid Hymenoptera, many of which develop on a single host (Yang et al., 2018) . Thus, because competition may result in the displacement of one species by another, or a decline in the overall biological control effectiveness (Collier, Kelly, & Hunter, 2002; Reitz & Trumble, 2002; Wang, Bokonon-Ganta, & Messing, 2008; Wang, Messing, & Bautista, 2003) , it is important to study and predict potential interactions among natural enemies when designing biological control programmes that employ multiple natural enemy species (Mills, 2006) . Considering this fact and the above-mentioned IPM programme against C. capitata, it is essential to examine the competitive interactions and biocontrol efficacy of D. longicaudata and A. daci, both individually and in combination, in order to plan future applications and releases of these species. Although these parasitoids are not naturally sympatric, they share common hosts and parasitise almost the same larval instars; this overlap could lead to intense competition if they are released in the same area to control the medfly.
This study aimed to evaluate the parasitic activity of D. longicaudata and A. daci when acting together against the medfly under different climatic conditions. It took into consideration several factors: host density (via potential changes in functional responses, which are defined as the relationship between the number of prey or hosts attacked by a predator or parasitoid as a function of prey density [Solomon, 1949] ), host location and temperature. Comparisons among previously performed studies that followed similar procedures for A. daci and D. longicaudata acting individually against the medfly were also investigated in order to infer the effect of the combination of both natural enemies (and consequently interspecific competition) on their individual parasitic activity and overall medfly population reduction. Therefore, the main goal of this study was to optimise the application of these two parasitoids in the IPM programme against the medfly in Spain.
| MATERIAL AND METHODS

| Study centre and insects
All experiments in this study were performed in compliance with current Spanish law. Both D. longicaudata and A. daci specimens were obtained from their laboratory colonies housed at the IVIA and maintained on the host, C. capitata, which has been reared for more than 10 years at the IVIA using the method of Pérez-Hinarejos and Beitia (2008) 
| Experimental design
Three experiments were performed to assess the effect of temperature, host location and host density on the parasitic activity of D. longicaudata and A. daci when acting together to parasitise C. capitata. These experiments differed both in the way host larvae were offered to parasitoids (in an artificial diet or infested fruit) and in the climatic conditions under which they were conducted (laboratory or greenhouse). In order to compare the results, the methodology followed in these experiments was the same as in de Pedro, and We analysed fertility (number of descendants produced) and percentage parasitism (= parasitism rate; number of descendants per recovered pupae) for each treatment and species, induced mortality (mortality [i.e., pupae that remain closed] because of parasitoid activity) and population reduction (induced mortality plus percentage parasitism) for each treatment and the overall offspring sex ratio for each species.
| Experiment 2. Larvae in fruit under laboratory conditions
This experiment was also conducted in duplicate under laboratory conditions, more specifically under the low range of temperature used in Experiment 1 (23-25 C, 70 AE 10% RH and 16:8 h (L:D) photoperiod). Medfly larvae were offered to parasitoids inside fruit in order to imitate the way they would be found in nature. Royal Gala apples were artificially infested according to Martins et al. (2010) with 30 s or third instar medfly larvae (ten 8 mm diameter holes were dug in each fruit and three larvae were deposited in each hole). Fifteen parasitism units were used in this experiment; each unit consisted of a plastic box (30 cm × 25 cm × 20 cm) that contained water and sugar ad libitum, an upper muslin window for ventilation and a layer of vermiculite to provide a suitable substratum to pupate. Five 3-5-day-old mating couples of each of the two parasitoid species were placed inside each parasitism unit, together with 1, 2 or 3 artificially infested apples. Thus, three host density treatments were established (30, 60 or 90 larvae) with five parasitism units for each. Apples were exposed for 4 days, after which medfly pupae were collected and placed inside ventilated Petri dishes (one per parasitism unit) and kept under the same climatic conditions as parasitism units until the emergence of parasitoid and medfly adults. Emergences and closed puparia were counted.
Offspring sex ratio for each species was assessed and, for each treatment and species, we also analysed fertility and percentage parasitism. We analysed fertility and percentage parasitism for each treatment and species, as well as induced mortality and population reduction (for each treatment) and the overall offspring sex ratio (for each parasitoid). induced mortality and population reduction, depending on the factors host density, temperature and fruit position. Induced mortality was calculated using the Schneider-Orelli formula (Püntener, 1981) Pearson's chi-squared (χ 2 ) test was used to determine any significant differences in the sex ratio (n = ♂♂/♂♂ + ♀♀) between and within the two parasitoid species for each experiment. which the attack rate coefficient is constant) was obtained from the following equation (Hassell, 1978) :
| Experiment 3. Larvae in fruit under greenhouse conditions
| Statistical analysis
, where x is the host density and b and c are constants. Data were adjusted by non-linear least-squares regression using the iterative estimation method of Levenberg-Marquardt (Monzó, 2010) . From the adjustment of these equations, we estimated the parameters of functional response, attack rate (a 0 ) and handling time (T h ).
3 | RESULTS
| Experiment 1. Larvae in artificial diet under laboratory conditions
Two-way ANOVA showed that for D. longicaudata the variable percentage parasitism differed significantly with respect to both temperature (F 1,282 = 5.68, p = 0.0178) and host density (F 2,282 = 31.54, p < 0.0001) ( Table 1 ). The interaction between these factors was significant (F 2,282 = 8.78, p = 0.0002). Fisher's LSD showed significantly higher parasitism at low temperatures (23-25 C) and significant differences for percentage parasitism for all three host densities, with a negative correlation (the higher the density, the lower the percentage parasitism). Two-way ANOVA showed differences for fertility with regard to host density (F 2,282 = 182.74, p < 0.0001), but not temperature (F 1,282 = 0.57, p = 0.450). The interaction between these factors was not significant (F 2,282 = 1.79, p = 0.168), and Fisher's LSD showed significant differences for fertility at all host densities, with a positive correlation.
Regarding A. daci, two-way ANOVA showed that the percentage parasitism also differed significantly with respect to temperature (F 1,282 = 10.81, p = 0.0011) and host density (F 2,282 = 49.91, p < 0.0001) (Table 1) was significantly higher at the lowest density and the highest temperature, and that population reduction was lower at the highest host densities (Table 1) .
Repeated measures ANOVA showed that percentage parasitism differed significantly between the two parasitoid species (F 2,282 = 228.84, p < 0.001); this measure was higher for D. longicaudata.
The χ 2 test showed that there were significant differences in the sex ratio obtained from both species (χ 2 = 836.383, df = 1, p < 0.0001). Additionally, for each species, a biased sex ratio was observed (D. longicaudata: χ 2 = 250.763, df = 1, p < 0.0001; A. daci: a 5 larvae per each couple of both parasitoids and day × 3 couples of both parasitoids × 8 parasitism units × 3 repetitions (days) × 2 temperatures × 2 replicates. b 20 larvae per each couple of both parasitoids and day × 3 couples of both parasitoids × 8 parasitism units × 3 repetitions (days) × 2 temperatures × 2 replicates. c 40 larvae per each couple of both parasitoids and day × 3 couples of both parasitoids × 8 parasitism units × 3 repetitions (days) × 2 temperatures × 2 replicates. χ 2 = 188.837, df = 1, p < 0.0001) ( Table 2 ). This sex ratio was malebiased for D. longicaudata, and female-biased for A. daci.
Regarding D. longicaudata functional response, a generalised linear model of the proportion of parasitised hosts showed that the estimated value of the linear coefficient was negative, while the quadratic coefficient was positive (Table 3) , indicating a type II functional response (Juliano, 2001 ). The estimated attack rate coefficient was 0.656 AE 0.074 days
and the handling time was 0.010 AE 0.002 days (Table 4) . With respect to A. daci, the estimated linear and quadratic coefficients were both positive (Table 3) , indicating a type III functional response (Juliano, 2001 ). The estimated b and c parameters were 0.008 AE 0.017 and 0.025 AE 0.107, respectively. The estimated attack rate coefficients were 0.087 days −1 for a density of 15 larvae, 0.192 days −1 for a density of 60 larvae and 0.24 days −1 for a density of 120 larvae. The estimated handling time was 0.009 AE 0.037 days (Table 4 ). The graphical shape of both functional responses is shown in Figure 1 .
| Experiment 2. Larvae in fruit under laboratory conditions
A two-way ANOVA showed that for both D. longicaudata and A. daci (Table 5) . Fertility, however, was significantly different (D. longicaudata: F 2,27 = 8.57, p = 0.001; A. daci:
F 2,27 = 68.56, p < 0.001). For both species, fertility was higher with increasing host densities.
Repeated measures ANOVA showed that percentage parasitism differed significantly between the two species (F 2,282 = 219.07, p < 0.001). This measure was greater for A. daci.
The χ 2 test revealed significant differences in the offspring sex ratio between both species (χ 2 = 38.237, df = 1, p < 0.0001). The sex ratio in D. longicaudata was male-biased, although not significantly (χ 2 = 2.577, df = 1, p = 0.125). A. daci produced significantly femalebiased offspring (χ 2 = 70.911, df = 1, p < 0.0001) ( Table 2 ).
As in Experiment 1, a generalised linear model of the proportion of parasitised hosts by D. longicaudata showed that the estimated value of the linear coefficient was negative, while the quadratic coefficient was positive (Table 3) , indicating a type II functional response (Juliano, 2001 ). The estimated attack rate coefficient was 0.037 AE 0.017 days −1 and the handling time was 0.110 AE 0.145 days (Table 4 ). For A. daci, both coefficients were positive (Table 3) (Table 4 ). Figure 2 shows the graphical shape of the functional response displayed by each parasitoid. Fisher's LSD showed that induced mortality was significantly lower at the highest density (Table 6 ).
| Experiment 3. Larvae in fruit under greenhouse conditions
Repeated measures ANOVA showed that percentage parasitism differed significantly between the two parasitoid species (F 2,24 = 105.42, p < 0.001); it was higher for A. daci. The χ 2 test showed that the offspring sex ratio was significantly different between both species (χ 2 = 283.216, df = 1, p < 0.0001).
The sex ratio was significantly male-biased for D. longicaudata (χ 2 = 98.901, df = 1, p < 0.0001) and female-biased for A. daci (χ 2 = 63.138, df = 1, p < 0.0001) ( Table 2) .
A generalised linear model of the proportion of parasitised hosts showed that for both parasitoid species the estimated value of the linear coefficient and the quadratic coefficient were positive (Table 3) , indicating a type III functional response (Juliano, 2001 ). For D. longicaudata, the estimated b and c parameters were 0.108 AE 1.825 and 0.024 AE 1.057, respectively. The estimated attack rate coefficients were 1.191 days
for a density of 15 larvae, 2.655 days −1 for a density of 60 larvae and 3.340 days −1 for a density of 120 larvae. The estimated handling time was 0.143 AE 9.033 days (Table 4 ). For A. daci, the estimated b and c parameters were 0.252 AE 3.458 and 0.780 AE 0.991, respectively. The estimated attack rate coefficients were 0.297 days −1 for a density of 15 larvae, 0.316 days −1 for a density of 60 larvae and 0.319 days −1 for a density of 120 larvae. The estimated handling time was 0.008 AE 0.282 days ( Table 4 ). The graphical shape of both functional responses is represented in Figure 3 .
| DISCUSSION
The use of multiple species to control a single insect pest is very common within biological control programmes. Nevertheless, this approach does not always lead to improved control of the target pest because of negative interactions among the selected biocontrol agents (Lahey et al., 2016) . Some studies have suggested that there is no cumulative pest control when multiple parasitoid species are released because of the above-mentioned negative interactions (Briggs, 1993; Denoth et al., 2002) . However, other studies indicate that the combined action of more than one biocontrol agent may increase host mortality compared with single releases (Bader, Heinz, Wharton, & Bográn, 2006; Stiling & Cornelissen, 2005) . These interactions are particularly interesting when using augmentative releases that increase the probability of interactions among the parasitoids (Montoya, Gálvez, & Díaz-Fleischer, 2018) . Therefore, in the present study, we evaluated the effects of the combined use of two of the most promising parasitoid species for control of the medfly, D. longicaudata and A. daci, in order to develop an optimal application of these species in the fight against the Mediterranean fruit fly in Spain. One of the main parameters considered in the present study was functional response, which describes the relationship between the number of attacked hosts as a function of host density and, consequently, defines parasitoid searching efficiency (Greenberg, Legaspi Jr., & Jones, 2001) . In this regard, our results showed that under laboratory conditions the functional responses did not vary compared with those observed by and de Pedro, when these parasitoids acted alone.
D. longicaudata showed a type II functional response, which is most common for parasitoids and features a parasitism rate that decreases exponentially as host density increases (Fernández-Arhex & Corley, 2004; Vanaclocha et al., 2013) . Comparatively, A. daci showed lower handling times than D. longicaudata (especially when hosts were inside fruits) and a type III functional response, which is described by an initial increase and a subsequent decrease in the proportion of parasitised hosts as host density increases (Fernández-Arhex & Corley, 2003 (Hassell, 1978) .
Our results also revealed a certain additive effect on percentage parasitism produced by both parasitoids when acting together on the medfly, because total percentage parasitism was higher than reported for single releases of A. daci (Experiment 1: 54-67%; Experiment 2:
79-85%; Experiment 3: 28-38% ) and especially D. longicaudata (Experiment 1: 47-62%; Experiment 2: 18-21%; Experiment 3: 21-51% ). Furthermore, regarding percentage parasitism, D. longicaudata dominance over A. daci was observed when medfly larvae were offered in an artificial diet, and the opposite trend was noted when the host was exposed inside fruits. This finding suggests that A. daci more efficiently searches for hosts inside fruit. Despite having a shorter ovipositor than D. longicaudata (Sivinski, Vulinec, & Aluja, 2001; Weld, 1951) , A. daci responds to odorous stimuli and bores the fruit rind to lay its eggs, probably because of its advanced sensillar equipment . In general, in solitary parasitoids, dominance is related to earlier host access. Thus, the parasitoid that first oviposits into the host prevails in intrinsic competition, and eliminates or supresses the competing species through physical attack and/or physiological suppression (Cusumano, Peri, & Colazza, 2016; Harvey, Poelman, & Tanaka, 2013) . Furthermore, most parasitoids (including D. longicaudata and A. daci) can discriminate between parasitised and unparasitised hosts, rejecting the host in the former case and, consequently, avoiding superparasitism, especially when host densities are high (de Pedro, Tormos, Asís, Sabater-Muñoz, & Beitia, 2018; Devescovi et al., 2017; Montoya, Cancino, Pérez-Lachaud, & Liedo, 2010) .
Indeed, superparasitism is one of the main factors that may lead to high-induced mortality, as previously reported for both A. daci (de Pedro et al., 2016 and D. longicaudata (Montoya et al., 2000) . Our work concurred with these studies with regards to higher induced mortality at lower host density (when superparasitism is also higher) and under greenhouse conditions. Induced mortality is of special importance for control programmes even when using exotic parasitoid species that are not able to establish themselves in the area, because it can be used to control focused pest outbreaks. The sum of this parameter and percentage parasitism result in pest population reduction, which was very high throughout the present study, slightly higher than the population reduction caused by A. daci alone (de Pedro, and significantly higher than the one produced by D. longicaudata alone . These findings support the combined use of these parasitoids against C. capitata, because reduction of medfly population is the main goal of the biological control programmes designed against this pest.
Regarding the offspring sex ratio, our study also concurred with de Pedro, and Harbi, Beitia, Ferrara, (2018) given that, in all instances, D. longicaudata offspring were male-biased, whilst A. daci produced female-biased offspring. Female bias appears to be extremely common among hymenopteran parasitoids (He, Feng, Li, Zhou, & Xu, 2015) and empowers A. daci as a biocontrol agent against medflies because females exert parasitic activity.
However, a previous study (de Pedro et al., 2016) suggested that the A. daci offspring sex ratio depended on the temperature at which the trials were performed and concluded that, in the suitable range of temperature for development, the proportion of females rises with increasing temperatures. Furthermore, temperature (among other environmental factors) could also explain the high fertility and parasitism values observed for A. daci in the present study under greenhouse conditions, because climatic conditions when the trials were carried out (June to July 2013) were very similar to those observed when this species was first recorded in Greece (Papadopoulos & Katsoyannos, 2003) and Spain (Verdú et al., 2011) . These conditions are regarded as optimal for its development and parasitic activity . At other times of the year, A. daci development appears to be negatively affected by environmental conditions, whilst D. longicaudata seems to be more resistant to extreme climatic conditions Meirelles, Redaelli, & Ourique, 2015) . Thus, it would be advisable to perform further field or semifield studies where both species are released in different seasons.
In summary, we conclude that D. longicaudata and A. daci are able to efficiently parasitise and kill C. capitata under laboratory and semifield conditions. This finding, together with the beneficial effects that their combined action showed on functional responses, percentage parasitism and medfly population reduction, leads us to consider the combined use of these natural enemies as an advisable strategy to be included in IPM programmes against C. capitata. However, because of their effect on the parasitic performance of both species, several factors, including climatic conditions and host density in the target areas, should be taken into consideration when planning field releases of these biocontrol agents.
